Abstract: The St. Marys River (SMR) historically has been a major producer of sea lampreys (Petromyzon marinus) in the Laurentian Great Lakes. In the early 2000s, a decision analysis (DA) project was conducted to evaluate sea lamprey control policies for the SMR; this project suggested that an integrated policy of trapping, sterile male releases, and Bayluscide treatment was the most cost-effective policy. Further, it concluded that formal assessment of larval sea lamprey abundance and distribution in the SMR would be valuable for future evaluation of control strategies. We updated this earlier analysis, adding information from annual larval assessments conducted since 1999 and evaluating additional control policies. Bayluscide treatments continued to be critical for sea lamprey control, but high recruitment compensation minimized the effectiveness of trapping and sterile male release under current feasible ranges. Because Bayluscide control is costly, development of strategies to enhance trapping success remains a priority. This study illustrates benefits of an adaptive management cycle, wherein models inform decisions, are updated based on learning achieved from those decisions, and ultimately inform future decisions.
Introduction
Decision analysis (DA; Clemen and Reilly 2001) is a valuable tool for informing managers about expected performance of different decision choices in meeting management objectives, as well as identifying priorities for future research and assessment activities by objectively determining the value of additional information (Morgan and Henrion 1990) . Acting on recommendations for high priority information gathering should reduce uncertainty in the future and ultimately lead to better decisions. Invariably, however, decision analysts must make assumptions about the system being managed, which can influence results even when uncertainty is explicitly incorporated in analyses. Knowing whether management advice that emerges from DA is robust to assumptions is critical for ensuring objectives are ultimately met. Here, we examine the anticipated performance of alternative pestcontrol strategies as well as the sensitivity of these projections to recognized uncertainties for a key fishery management issue in the Laurentian Great Lakes of North America. We argue this case study, together with our earlier examination of decision options for the same management issue (Haeseker et al. 2007) , illustrates a successful implementation of a complete adaptive management cycle (Walters 1986 ).
The St. Marys River (SMR), which is the interconnecting waterway between Lakes Superior and Huron ( Fig. 1) , has traditionally been recognized as a large producer of sea lampreys (Petromyzon marinus) in the Laurentian Great Lakes and a major contributor of parasitic-stage sea lampreys to Lake Huron. Since the mid-1990s, an integrated approach to controlling production of SMR sea lampreys has been followed (Schleen et al. 2003; Siefkes et al. 2013) . The approach has included trapping of adult sea lampreys during spawning migrations, release of sterilized male sea lampreys onto spawning grounds, and, since 1999, application of granular Bayluscide (a selective larvicide that targets sea lamprey larvae; Dawson 2003) to selected SMR larval rearing habitats. In the late 1990s, a DA was conducted to evaluate performance of different control policies in achieving a long-term, cost-effective control program for SMR sea lampreys. An integrated assessment model was fit to SMR survey data on larval and adult sea lampreys and Lake Huron data on parasitic sea lampreys (Haeseker et al. 2003) , which yielded estimates of demographic parameters used in the DA to forecast future abundance of parasitic sea lampreys in Lake Huron under different control policies (Haeseker et al. 2007 ). As part of the DA project, there were extensive interactions with scientists, management agency personnel, and other stakeholders for the purpose of identifying potential control policies, management objectives, and major sources of uncertainty with regard to SMR sea lamprey population dynamics and control (Haeseker et al. 2007 ). The results from this DA project were used to support continued efforts to suppress sea lamprey production through a combination of trapping, sterile male releases, and moderate levels of Bayluscide control.
One conclusion of the earlier DA was that quantitative assessment of larval sea lamprey populations in the SMR would be valuable to inform future decisions about Bayluscide treatments and reduce uncertainty about recruitment dynamics. The Great Lakes Fishery Commission (GLFC), a binational commission established via treaty between the USA and Canada that acts as a coordinating body for eradication of sea lampreys in the Great Lakes, responded to this conclusion by implementing an assessment program in the river that has been conducted annually since 1999. These data have been used to guide selection of areas of the river for Bayluscide application and informed a recent spatial analysis of SMR sea lamprey population dynamics (Robinson et al. 2013) . The absence of quantitative data on larval abundance in the SMR resulted in high uncertainty about recruitment dynamics in the earlier DA. In this paper we update the model developed by Haeseker et al (2007) , evaluate influence of these additional data on our demographic uncertainty regarding SMR sea lampreys, and reassess the performance of alternative control policies.
An important assumption of the earlier DA was that estimates of adult sea lamprey trapping efficiency in the SMR were accurately obtained from mark-recapture data wherein adult sea lampreys captured in traps were marked and released downstream of the traps to assess recapture rates. Recently, sea lamprey movements in the SMR have been assessed using acoustic telemetry, and these data have suggested that trapping efficiency may be substantially lower than previously thought (C. Holbrook, USGS Hammond Bay Biological Station, unpublished data). An additional objective of this analysis was to incorporate uncertainty about trapping efficiency into the DA and evaluate its impact on relative ranking of alternative control strategies.
Materials and methods
Our updated assessment was conceptually similar to that of Haeseker et al. (2003) . An age-structured population model was constructed and fit to abundance and age composition measurements from several data sources. A complete description of the data sources used to fit the integrated assessment is provided in the online supplementary materials 1 . Among the estimated parameters and derived variables were time series of age-0 larval and effective reproducing female abundances. These abundances were used to estimate a stock-recruitment relationship and quantify the uncertainty associated with the estimated recruitment 1 Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2014-0567. function. Our integrated assessment differed from that of Haeseker et al. (2003) in terms of data sources that were used to fit the age-structured population model, time frames associated with the data sources, and some aspects of the population model that were updated to reflect improvements in understanding of SMR sea lamprey demographics or conceptual advancements in conducting integrated analyses.
Integrated assessment model
The age-structured population model that was constructed covered the time period from 1990 to 2011 and encompassed the full sea lamprey life cycle, including larval (ammocoetes), juvenile (parasites), and adult (spawning-phase) stages. The larval stage lasted up to 6 years, with some fraction of the age-4 to age-6 larvae undergoing metamorphosis each year. After metamorphosis, juvenile sea lampreys migrated to Lake Huron, where they remained for approximately 2 years, before maturing into adults and migrating to tributaries to spawn and ultimately die.
Annual age-0 larval abundances (i.e., recruitment) were estimated as the product of a mean recruitment level and multiplicative annual deviation terms:
(1)
(see Table 1 for a listing and description of all equation symbols used herein). Recruitment in 2010 and 2011 was assumed equal to the mean of the 2006 to 2009 levels. Larval abundances for ages 1 to 6 in the first modeled year (1990) were similarly predicted:
(2)
Mortality stemming from Bayluscide treatment of the SMR was assumed to occur prior to natural mortality or larval metamorphosis. The maximum efficacy of a Bayluscide treatment was assumed to be 75% (Haeseker et al. 2007) , with Bayluscide mortality modeled as a function of the total area treated in each year and a time-invariant treatment area-mortality relationship scalar:
Post-treatment larval abundances were predicted as the product of larval abundances at the beginning of the year and the associated Bayluscide treatment survival rate:
Larval abundances in subsequent years and ages were projected as the product of post-treatment larval abundances, an annual larval survival rate, and an age-specific probability of larvae not metamorphosing into juveniles:
The annual survival rate of larval sea lampreys was estimated through an inverse logit function:
which constrained survival to between 0 and 1 while allowing the estimated parameter to be any real number. Probability of metamorphosis for individuals between ages 0 and 3 was assumed to be 0.0, while the metamorphosis probability for age-6 larvae was assumed to be 1.0. Like larval survival, the metamorphosis probabilities for age-4 and age-5 larvae were estimated through an inverse logit function:
for a ϭ 4 and 5
Observable age composition of larval sea lampreys in the SMR prior to Bayluscide treatment was calculated by dividing larval abundance at age by total larval abundance and using matrix multiplication to multiply the resulting quotient by an aging error matrix:
Observable larval age composition post-Bayluscide treatment was similarly calculated:
The aging error matrix ( Table 2 ) that we assumed was based on statolith aging error estimates presented in Dawson et al. (2009) .
Total abundance of juvenile sea lampreys from the SMR that contributed to the overall Lake Huron population in each year was calculated as
Like larval age compositions, observable age composition of recently metamorphosed sea lampreys from the SMR incorporated an aging error component:
The contribution of juvenile sea lampreys from other Lake Huron tributaries was included as a time-invariant, model-estimated parameter, such that the total annual contribution of newly metamorphosed juvenile sea lampreys to Lake Huron was the sum of SMR juveniles and juveniles from all other tributaries:
Juvenile sea lampreys feed in the open-water habitat of the Great Lakes and consistently mature 2 years after metamorphosis, at which time they migrate into streams and rivers to spawn; thus, total abundance of adult (i.e., spawning phase) sea lampreys in Lake Huron prior to migration equaled
As with larval survival and metamorphosis rates, juvenile survival rate was estimated through an inverse logit function:
Multiple studies have found that sea lampreys do not home to natal streams, either within the Great Lakes (Bergstedt and Seelye 1995) or their native range (Waldman et al. 2008) . Thus, total abundance of adult sea lampreys migrating to the SMR to spawn was the product of the total adult abundance of sea lampreys in with the proportion migrating to the river estimated through an inverse logit function:
To estimate a stock-recruitment relationship for the SMR, annual abundances of spawning females were required, as this is how spawning stock size traditionally is indexed (Haeseker et al. 2003; Jones et al. 2003) . Annual abundances of adult females returning to the SMR was calculated as the product of total adult abundances and the proportion of returning adults that were females as measured during the annual trapping conducted to estimate adult abundances:
Because of the trapping program conducted on the SMR, some adjustment of the adult female abundances was necessary. As previously described, mark-recapture studies used to estimate total abundance of adult sea lampreys involve dorsal fin marking of trapped individuals and transport and release of marked fish downstream from the trapping site. After release of marked individuals, all adult sea lampreys (both marked and unmarked) subsequently captured in traps are either retained for sterilization (males) or destroyed (females: L. Walters, USFWS, personal communication), so abundance of adult female sea lampreys was reduced by the number of females captured after initial marking:
The effect of releasing sterile males onto SMR spawning grounds ) also needed to be accounted for in determining the effective number of spawning females. In short, released sterile males are assumed to compete with fertile males such that each spawning female has a chance of mating with a sterile male that is proportional to their relative abundance compared with fertile males (Bergstedt and Twohey 2007; Haeseker et al. 2007 ). Based on this assumption, the proportion of SMR adult females expected to breed with sterile males is given by
with number of adult fertile males calculated as
Thus, the effective number of reproducing adult females in the SMR was equal to
Assessment model fitting
The integrated assessment model parameters were estimated using AD Model Builder (Fournier et al. 2012 ). We used a Bayesianbased estimation approach, whereby the point estimates of model parameters were highest posterior density estimates (Schnute 1994) . Operationally this was accomplished by defining an objective function equal to the negative log-posterior density (ignoring some constants) and using a quasi-Newton optimization algorithm to numerically search for the parameters that minimized the objective function. The model was considered to have converged on a solution when the maximum gradient of the parameters with respect to the objective function was less than 1.0 × 10 −5 . Uncertainty was characterized by the full posterior probability distributions for the estimated parameters and derived variables (see below).
The objective function consisted of the sum of 11 negative loglikelihood or negative log-prior components (Table 3) . Lognormal distributions were assumed for negative log-likelihoods for pre-(eq. T.3.1) and post-(eq. T.3.2) Bayluscide treatment total larval abundances in the SMR, pre-(eq. T.3.3) and post-(eq. T.3.4) Bayluscide treatment age-1 larval abundances in the SMR, total contribution of recently metamorphosed juvenile sea lampreys to Lake Huron (eq. T.3.5), total abundance of adult sea lampreys in the SMR (eq. T.3.6), and total abundance of adult sea lampreys in Lake Huron prior to their migrating to streams to spawn (eq. T.3.7). Multinomial distributions were assumed for the negative log likelihoods for pre-(eq. T.3.8) and post-(eq. T.3.9) Bayluscide treatment larval age composition in the SMR and for the age composition of recently metamorphosed juvenile sea lampreys in the SMR (eq. T.3.10). Finally, a lognormal distribution was used as the negative log prior for the model-estimated abundance of juvenile sea lampreys contributed from other Lake Huron tributaries (eq. T.3.11).
The two parameters for the lognormal prior on juvenile abundance from other tributaries were derived as follows. First, we obtained for each sea lamprey producing tributary to Lake Huron an estimate of residual juvenile production given current treatment scheduling, based on the assumptions of 90% lampricide (TFM) treatment effectiveness and a 25% metamorphosis rate for residuals -sea lampreys that remain in a river after treatment (J.W. Slade, USFWS, unpublished data). For each tributary, we generated a random variate from a lognormal distribution with a mean equal to the natural log of the residual juvenile production value for that stream and a dispersion corresponding to a coefficient of variation (CV) of 0.30, which is similar to the CV for sea lamprey recruitment found by Jones et al. (2003) . We then summed the random variates across all streams. We repeated this process 10 000 times to generate a distribution of abundance of juvenile sea lampreys from other Lake Huron tributaries. A lognormal distribution was then fit to this constructed distribution of abundances, and the resulting parameter estimates were used for the prior for the abundance of juvenile sea lampreys contributed from other Lake Huron tributaries. We initially tried fitting the integrated assessment model with an uninformative prior on abundance of juvenile sea lampreys from other Lake Huron tributaries. With an uninformative prior, however, convergence problems arose suggesting that available data were weakly infor- mative with regards to this contribution and (or) there was confounding with other variables (e.g., survival rates). When fitting the integrated assessment model, the "standard" dispersion for the lognormal distributions assumed for the negative log-likelihood and negative log-prior components listed in Table 3 was among the estimated parameters. In the negative log-likelihood functions, the terms are weighting factors that represent how far the dispersion parameter for a particular data source deviates from this "standard". We used an iterative approach for setting the values, whereby were initially set, dispersions for data sources were calculated and compared with estimated mean-squared errors from the fitted model, and were modified until assumed dispersions and estimated mean-squared errors were approximately equal or were reasonable given the data source. From this iterative process, were set equal to 1.0 for age-1 larval abundance both pre-and post-Bayluscide treatment, total contribution of newly metamorphosed juveniles to Lake Huron, abundance of SMR adult sea lampreys, and abundance of adult sea lampreys in Lake Huron. For total SMR larval abundance preand post-Bayluscide treatments, were equal to 0.15 and 0.50, respectively. Negative log-likelihood components for the age composition of pre-and post-Bayluscide treatment larvae and recently metamorphosed juvenile sea lampreys in the SMR were weighted by the effective sample size, which was the number of fish for which ages were determined each year up to a maximum of 10 for larvae and 35 for juveniles. The effective sample sizes were set to fairly low values because of the considerable uncertainty associated with using statoliths to age sea lampreys (Dawson et al. 2009 ). Haeseker et al. (2003) similarly assumed low (<35) effective sample size for age composition negative log-likelihood components in their integrated assessment, although in their case effective sample sizes were determined iteratively using the process described in McAllister and Ianelli (1997) .
Characterization of parameter estimate and derived variable uncertainty
To assess uncertainty associated with parameter estimates and derived variables from the integrated assessment model, posterior probability distributions were obtained by Markov chain Monte Carlo (MCMC) simulations through a Metropolis-Hastings algorithm in AD Model Builder (Fournier et al. 2012 ). Parameters and derived variables for which posterior probability distributions were obtained included larval and juvenile annual survival rates, abundance of juvenile sea lampreys contributed from other Lake Huron tributaries, Bayluscide mortality-treatment area relationship scalar, proportion of adult Lake Huron sea lampreys that migrate to the SMR to spawn, probabilities of metamorphosing for age-4 and age-5 larvae, larval and juvenile abundances in the penultimate year of the assessment model, and time series (1992 to 2010) of abundances of age-0 larvae and effective reproducing 
Total SMR larval abundance pre-Bayluscide treatment
Total SMR larval abundance post-Bayluscide treatment
Age-1 SMR larval abundance pre-Bayluscide treatment
Age-1 SMR larval abundance post-Bayluscide treatment
Total contribution of newly metamorphosed juvenile sea lampreys to Lake Huron
Abundance of SMR adults
Abundance of Lake Huron adults Prior for the contribution of juveniles from other Lake Huron tributaries
Note: The objective function of the integrated assessment model, which consisted of the sum of these components, was minimized during the model-fitting process.
females. The MCMC chain was run for 10 million steps sampling every 2000th step. The initial 2500 saved steps were discarded as a burn-in period. Convergence of the MCMC chain was evaluated by constructing trace plots for each estimated parameter and derived variable as a visual check to ensure the chain was well-mixed and by using Z score tests to evaluate differences between the means of the first 10% and last 50% of the saved chain (Geweke 1992) . Additionally, we compared effective sample size of the saved MCMC chain with the actual chain sample size as a method for evaluating autocorrelation among the saved MCMC samples. All MCMC diagnostic measures were conducted in R (R Core Development Team 2012) using the "coda" package (Plummer et al. 2006 ).
Stock-recruitment relationship estimation and uncertainty
A linearized Ricker stock-recruit function was fit to the highest posterior density estimate of the time series of age-0 larval and effective reproducing female abundances: Determination of uncertainty associated with the fitted stockrecruitment relationship followed the two-stage approach described in Haeseker et al. (2003) , which in turn was based on sampling from joint posterior probability distributions for hierarchical models (Gelman et al. 2004 ). The first stage used the MCMC simulations described above to obtain time series of age-0 larval and effective reproducing female abundances. For the second stage, linearized Ricker stock-recruit functions were fit to time series samples from the MCMC simulations. For each sample, this yielded point estimates of the parameters of the stock-recruit function (i.e., log e (␣), ␤, and R 2 ), as well as the variance-covariance matrix for log e (␣) and ␤. Random samples of stock-recruitment relationship parameters were then drawn from either a bivariate normal distribution defined by point estimates of log e (␣), ␤, and the variance-covariance matrix for log e (␣) and ␤ or from a scaled inverse 2 distribution with a scale parameter equal to the point estimate of R 2 and degrees of freedom equal to two less than the number of stock-recruit observations (Haeseker et al. 2003) . MCMC chain diagnostics for the randomly generated samples of the stock-recruitment relationship parameters were assessed using the same approaches previously described (i.e., trace plots, Z score tests, determination of effective sample sizes). The degree of compensation in the estimated stock-recruitment relationships was determined by calculating compensation ratios at spawning stock abundances of 0.5 and 3.0 times the effective reproducing female abundances that produced the maximum level of recruitment. Compensation ratios represent the ratio of estimated recruitment at the lower spawning stock abundance above -based on the estimated stock-recruitment parametersto the recruitment expected at that spawning stock abundance if there was no compensation (Haeseker et al. 2003) . Ratios less than one were characterized as negligible compensation, between one and two as low compensation, between two and six as moderate compensation, and more than six as high compensation.
Assessment model sensitivity analysis
One data source for which there is some concern regarding measurement accuracy is the annual adult abundances of sea lampreys in the SMR. In particular, there is concern that the markrecapture method that is used to estimate adult abundance may be negatively biased given preliminary acoustic-array determination of adult trapping efficiency in the SMR (C. Holbrook, USGS, unpublished data). To address this, we refit the integrated assessment model and estimated a new stock-recruit relationship after increasing the input data source for SMR adult abundances by a factor of five (i.e., spawning adult trapping efficiency was 8% rather than 40%). Because adult abundances in Lake Huron as a data source are derived from individual tributary estimates of adult abundances, it was also necessary to increase observed adult abundances in all of Lake Huron as well.
Forecasting model
We used an age-structured population model with essentially the same structure as the integrated assessment model to simulate future sea lamprey population dynamics under a range of control policies. The forecasting model was used to generate 25-year projections of sea lamprey abundance at various life stages, beginning with estimates of abundance from the final year of the fitted integrated assessment model. Total abundance of adult SMR sea lampreys was calculated as the product of Lake Huron adult abundances, the proportion of Lake Huron adults migrating to the SMR, and the proportion of SMR adults that escape trapping:
where depended on the particular control policy being evaluated. Effective abundance of reproducing adult female sea lampreys in the SMR was calculated as the product of total abundance of adult SMR sea lampreys, the proportion of adults that were females, and the proportion of adult females expected to breed with fertile males:
For the forecasting model, the female:male ratio was assumed to be 50:50, with the proportion of adult females expected to breed with fertile males depending on the number of sterile males released as part of the control policy being evaluated. Annual recruitment in the forecasting model was calculated assuming the Ricker stock-recruitment function presented in eq. 22.
Post-Bayluscide treatment larval abundances were calculated using eqs. 3 and 4, where the total area of the SMR treated was part of the control policy being evaluated. Larval abundances in subsequent years and ages were projected using eq. 6, with annual contribution of newly metamorphosed juvenile sea lampreys from the SMR to Lake Huron calculated using eq. 10. The total contribution of newly metamorphosed juvenile sea lampreys to Lake Huron from all sources was calculated using eq. 12. The total abundance of adult (i.e., spawning phase) sea lampreys in Lake Huron prior to migration was calculated using eq. 13.
We evaluated nine control policies for SMR sea lampreys (Table 4) , with an individual policy consisting of total area treated with Bayluscide (100, 200, or 400 ha), whether or not trapping was conducted, and whether or not sterile males were released. We also simulated a reference policy of "no control" for purposes of comparison. For policies including sterile male releases, it was assumed that 25 000 individuals were released annually. For baseline analyses involving trapping, a 40% spawning adult trapping efficiency was considered. For sensitivity analyses, an 8% spawning adult trapping efficiency was considered. To account for uncertainty in estimates of model parameters and initial abundances, we repeated each scenario simulation 1000 times, drawing a new set of parameters and initial abundances for each simulation randomly 
Results
The integrated assessment model successfully converged on a solution. As well, the MCMC chain for the model was judged to have converged on a stationary distribution. Examination of trace plots indicated that the chain was well mixed, and the Z score test statistics for comparing means of the first 10% and last 50% of the saved chain for the parameters and derived variables for which posterior probability distributions were obtained ranged from −1.67 to 0.81, suggesting there were no significant differences between means at type-I error rates of 0.05. Effective sample sizes for most parameters and derived variables were greater than 1700, although a few derived variables had effective sample sizes ranging between 1100 and 1300. Even at the low effective sample sizes, we believed there was sufficient information in the saved chains to construct 95% Bayesian credible intervals for parameter and derived variable estimates and for selecting a random subset of the saved chain to use in the forecasting model for evaluating sea lamprey control policies.
Assessment model fits
For the most part, predictions from the integrated assessment model were similar to observed values. For all larvae and age-1 larvae, predicted and observed abundances post-Bayluscide treatment closely aligned (Fig. 2) . As well, pre-Bayluscide treatment predicted abundances were similar to observed abundances for age-1 larvae (Fig. 2) . There was some discrepancy between predicted and observed pre-treatment larval abundances for all age classes of larvae, with predicted abundances generally less than observed abundances (Fig. 2) . This likely was due in part to the lower weighting assigned to this data source relative to other data sources (Table 4) . For larval age composition, predicted mean age was slightly greater than observed mean age post-Bayluscide treatment, but predicted and observed mean ages pre-Bayluscide treatment were similar (Fig. 2) . The discrepancy between observed and predicted mean ages post-Bayluscide treatment may be a consequence of several factors, including low maximum effective sample sizes assumed for larval age compositions, actual statolith aging errors differing from our assumed aging error matrix, or possible differences in age-specific vulnerabilities to Bayluscide treatment.
Both predicted and observed abundances of recently metamorphosed juveniles in Lake Huron exhibited considerable interannual fluctuations during the modeled time period, although the assessment model did appear to have some difficulty in reproducing observed fluctuations. The assessment model predicted a sharp increase in juvenile abundances a couple of years earlier than an observed increase (Fig. 2) . Further, the assessment model had a tendency to be positively biased early in the time series and negatively biased later in the time series. Despite this difficulty in matching observed juvenile abundances in Lake Huron, the mean age predictions for juvenile sea lampreys from the SMR were similar to observed mean ages (Fig. 2) .
In terms of adult abundances, predictions from the integrated assessment model matched closely to observed data sources for both the SMR and Lake Huron (Fig. 2) . For the Lake Huron adult abundances, the assessment model had difficulty predicting an increase in abundance from 1992 to 1993, but otherwise values were closely aligned.
Assessment model estimates
The highest posterior density estimate of larval annual survival was 77.3% (95% Bayesian credible interval: 65.9% to 90.9%; Fig. 3) . Conversely, the estimated juvenile annual survival rate was 57.4% (95% Bayesian credible interval: 51.2% to 65.8%). The Bayluscide treatment area-mortality relationship scalar was 0.0033 (95% Bayesian credible interval: 0.0019 to 0.0058), which meant that the estimated finite mortality rate for a treatment area of 100 ha was 21.2% and was 69.7% for a treatment area of 800 ha. The estimated probability of metamorphosis for age-4 and age-5 larvae was 48.0% (95% Bayesian credible interval: 37.9% to 58.3%) and 71.5% (95% Bayesian credible interval: 61.6% to 78.7%), respectively. The annual contribution of juvenile sea lampreys from Lake Huron tributaries other than the SMR was estimated at approximately 296 000 fish (95% Bayesian credible interval: 237 000 to 359 000), which meant that the SMR accounted for between 19.0% and 64.8% of the total contribution of juvenile sea lampreys to Lake Huron in any given year. The proportion of Lake Huron adult sea lampreys that migrated to the SMR was 11.9% (95% Bayesian credible interval: 9.2% to 15.5%).
A Ricker stock-recruit function fitted to the highest posterior density estimates of the time series of age-0 larval and effective reproducing female abundances exhibited a high level of compensation (Fig. 4) . As is generally the case when estimating stock-recruitment functions, there was considerable uncertainty associated with the fitted relationship (Fig. 4) . Ricker stock-recruitment relationships estimated from the two-stage joint posterior probability distribution sampling procedure had compensation levels ranging from moderate to high, with the vast majority (91%) of relationships exhibiting high levels of compensation.
Assessment model sensitivity
The integrated assessment model that was fit under the assumption that spawning adult trapping efficiency was 8% also successfully converged on a solution. Although examination of trace plots and Z score tests comparing the means of the first 10% and last 50% of the saved chain for the parameters and derived variables for which posterior probability distributions were obtained indicated that the MCMC chain had converged on a stationary distribution, determination of effective sample sizes suggested possible autocorrelation problems with the MCMC chain. Most parameters and derived variables had effective sample sizes in excess of 1600, although a few derived variables (age-4 and age-5 metamorphosis probabilities) had effective sample sizes as low as 800. Despite the low effective sample sizes, we felt that the estimates were sufficient for exploring sensitivity of the integrated assessment and decision analysis management models to assumptions concerning adult trapping efficiency.
Fits for the sensitivity model were similar to those from the baseline analyses. With the exception of the SMR and Lake Huron adult abundances, which were the input data sources modified for the sensitivity evaluations, fits from the sensitivity model were Note: "Bayluscide" refers to the total area (ha) treated with granular Bayluscide, "Trapping" refers to whether or not trapping was conducted as part of the control program, and "Sterile males" refers to the number of sterile males released in the river. When trapping was conducted, assumed spawning adult trapping efficiencies was 40% for baseline analyses and 8% for sensitivity analyses.
largely indistinguishable from those of the baseline model (Fig. 2) . As with the baseline model, the sensitivity model had some difficulty in predicting early increases in adult abundances, but overall predictions of both SMR and Lake Huron adult abundances closely matched observed values despite the changes to the two data sources (Fig. 2) .
For several parameters and derived variables, including larval annual survival, age-4 and age-5 metamorphosis probabilities, Bayluscide treatment area-mortality relationship scalars, and contribution of juvenile sea lampreys from other Lake Huron tributaries, the highest posterior density estimates and 95% Bayesian credible intervals from the sensitivity model were very similar to the baseline model. Conversely, the highest posterior density estimates for juvenile annual survival and the proportion of Lake Huron adult sea lampreys that migrated to the SMR were greater for the sensitivity model than for the baseline model. Juvenile annual survival for the sensitivity model increased to 70.4% (95% Bayesian credible interval: 63.3% to 81.4%), while the proportion of adults migrating from Lake Huron to the SMR increased to 39.7% (95% Bayesian credible interval: 31.1% to 50.8%).
The higher assumed and predicted adult abundances for the SMR did affect the fitted stock-recruitment relationship for the sensitivity model. Although both fitted models exhibited a high level of compensation, the compensation level of the sensitivity model was greater than that of the baseline model. All of the Ricker stock-recruitment relationships estimated from the twostage joint posterior probability distribution sampling procedure for the sensitivity model had high compensation levels.
Forecasting model
When no control was applied to the SMR sea lamprey population, abundance of effective reproducing females was approximately 10 400. As control policies became more intensive, abundance of effective reproducing females decreased concomitantly (Fig. 5) . With Bayluscide treatment, abundance of effective reproducing females decreased to 7912 (100 ha treated), 6795 (200 ha treated), and 6158 (400 ha treated). With both trapping and Bayluscide treatment, abundance of effective reproducing females decreased to between 3757 (400 ha treated) and 5643 (100 ha treated). The addition of sterile male releases to the control poli- Fig. 2 . Integrated assessment model fits to St. Marys River (SMR) age-1 and older larval abundance (pre-and post-Bayluscide treatment), SMR age-1 larval abundance (pre-and post-Bayluscide treatment), Lake Huron juvenile abundance, SMR adult abundance, Lake Huron adult abundance, SMR larval mean age, and SMR juvenile mean age. Model estimates are highest posterior density estimates and are represented by solid lines; observed values are represented by symbols. Solid lines are predictions when a 40% spawning adult trapping efficiency is assumed (baseline analyses); dashed lines are predictions when an 8% spawning adult trapping efficiency is assumed (sensitivity analyses). For most data sources, the base and sensitivity model predictions were very similar, making the lines indistinguishable. cies reduced abundances of effective reproducing females even more. With sterile male releases, trapping, and Bayluscide treatment, effective reproducing females ranged from 468 (400 ha treated) to 1109 (100 ha treated).
Without control, abundance of juvenile sea lampreys produced from the SMR was approximately 211 000 individuals, with some simulations having mean abundances in excess of 1 million individuals. With Bayluscide treatment, abundance of juvenile sea lampreys produced from the SMR decreased to 92 575 (100 ha treated), 35 703 (200 ha treated), and 6317 (400 ha treated) individuals. At the 400 ha Bayluscide treatment level, the SMR contribution to the total abundance of juvenile sea lampreys in Lake Huron was less than 3% on average. Without control, the SMR contribution to total abundance of juvenile sea lampreys in Lake Huron averaged 42%. Unlike the abundance of effective reproducing females, more intensive control policies did not necessarily result in decreased juvenile abundances (Fig. 6) . When trapping was added to Bayluscide treatment as a control policy, the abundance of juvenile sea lampreys produced from the SMR actually increased relative to control policies that only involved Bayluscide treatment. With Bayluscide treatment and trapping, production of juvenile sea lampreys increased to 160 083 (100 ha treated), 62 008 (200 ha treated), and 10 476 (400 ha treated). The consequences of adding the release of 25 000 sterile males to control policies depended on levels of Bayluscide treatment. A control policy of 100 ha Bayluscide treatment, trapping, and the release of 25 000 sterile males increased juvenile abundance by approximately 17 000 individuals (10% increase) relative to a control policy of Bayluscide treatment and trapping, and by approximately 84 000 individuals (90% increase) relative to a control policy of just Bayluscide treatment. A control policy of 200 ha Bayluscide treatment, trapping, and the release of 25 000 sterile males decreased juvenile abundance by approximately 23 000 individuals (37% decrease) relative to a control policy of Bayluscide treatment and trapping, but increased juvenile abundance by approximately 3500 individuals (10% increase) relative to a control policy of just Bayluscide treatment. A control policy of 400 ha Bayluscide treatment, trapping, and the release of 25 000 sterile males decreased juvenile abundance by approximately 5000 individuals (48% decrease) relative to a control policy of Bayluscide treatment and trapping, but by only around 900 individuals (14% decrease) relative to a control policy of just Bayluscide treatment.
Forecasting model sensitivity
Assuming a spawning adult trapping efficiency of 8% resulted in a very similar pattern in abundances of effective reproducing adult females for the different control policies. That is, as control policies became more intensive, abundance of effective reproducing females in the SMR decreased (Fig. 5) . In terms of the abundance of juvenile sea lampreys produced from the SMR, many of the qualitative patterns that were observed for the different control policies assuming a trapping efficiency of 40% were also observed at a trapping efficiency of 8%. In particular, the addition of spawning adult trapping and sterile male releases in most cases actually resulted in more juvenile sea lampreys being produced from the SMR when compared with control policies that only involved Bayluscide treatment (Fig. 6) . At an 8% adult trapping efficiency, the increase in juvenile production from the SMR was not as large as what was found for the 40% trapping efficiency level, but given all the effort to decrease parasitic sea lamprey populations in the Great Lakes, any increase is likely to be unfavorably viewed.
Discussion
Sea lamprey parasitism has been implicated as a factor that contributed to severe abundance declines and in some cases extirpation of several native fish populations in the Great Lakes, including lake trout (Salvelinus namaycush) and lake whitefish (Coregonus clupeaformis) (Ebener et al. 2008; Muir et al. 2013; Siefkes et al. 2013) . Coordinated efforts by the GLFC to control sea lampreys in the Great Lakes has occurred since the mid-1900s (Christie and Goddard 2003) , with annual costs of control in excess of US$15 million. Because of resource limitations and scale of sea lamprey infestation in the Great Lakes, it is important for trade-offs to be assessed at all levels of a control program, including how much resources are devoted to assessment efforts versus direct control (Hansen and Jones 2008) and control efforts designed to elicit short-versus long-term effects (Schleen et al. 2003; Haeseker et al. 2007 ). The research conducted by Haeseker et al. (2007) , as well as our own research, was intended to identify what combination of control policies would be most effective at providing long-term suppression of sea lampreys originating from the SMR.
Because the integrated assessment model fit by Haeseker et al. (2003) assumed a 40% spawning adult trapping efficiency, comparison of their assessment model estimates with our estimates only was appropriate for our baseline assessment model. Although the assessment models that were fit for both projects were structurally similar and incorporated many of the same data sources, there were several notable differences between the models in the estimated demographic parameters of the SMR sea lamprey population. In particular, Haeseker et al. (2003) estimated a more productive stock-recruitment relationship for the SMR. In Haeseker et al. (2003) , the highest posterior density estimate for the Ricker stock-recruitment productivity parameter (␣ = back- Fig. 3 . Integrated assessment model highest posterior density estimates (symbols) and 95% Bayesian credible intervals (error bars) for larval survival (S larval ), juvenile survival (S juvenile ), age-4 metamorphosis probability (m 4 ), age-5 metamorphosis probability (m 5 ), proportion of adult Lake Huron sea lampreys migrating to the St. Marys River (), Bayluscide treatment area-mortality relationship scalar (), and contribution of newly metamorphosed juvenile sea lampreys from all other Lake Huron tributaries (J other ). Solid symbols are for the baseline model; open symbols are for the sensitivity model. transformed and bias-corrected from log e ␣) was 9.15 (95% Bayesian credible interval: 6.45 to 10.47). Conversely, our highest posterior density estimate for productivity parameter (␣ = backtransformed and bias-corrected from log e ␣) assuming a 40% trapping efficiency was 3.61 (95% Bayesian credible interval: 2.15 to 9.13). Part of this discrepancy in recruitment productivity estimates between studies likely stemmed from our incorporating a SMR larval abundance dataset that provided a reference point for estimating recruitment levels. Although Haeseker et al. (2003) estimated a more productive stock-recruitment relationship for SMR sea lampreys, the effect of this was partially offset by their estimation of a much lower larval survival rate. In Haeseker et al. (2003) , the highest posterior density estimate for the larval annual survival rate was 42% (95% Bayesian credible interval: 35% to 49%), which was approximately half the survival rate that we estimated. As a consequence, Haeseker et al. (2003) found only moderate recruitment compensation, which they noted could limit usefulness of some control policies. Our updated models suggested even higher compensation, the consequences of which were evident from our forecasts of the response of SMR juvenile production to control policies that combined Bayluscide applications with controls on adult sea lampreys. Table 4 for a description of control policies.
In the integrated assessment model fit by Haeseker et al. (2003) , juvenile survival rates and proportion of Lake Huron adults migrating to the SMR to spawn were not separately estimated, rather a parameter representing a combination of these rates was estimated. The highest posterior density estimate for this combined parameter in Haeseker et al. (2003) was 3.7% (95% Bayesian credible interval: 3.3% to 4.4%). Using our estimates of juvenile survival and proportion of Lake Huron adults migrating to the SMR to spawn to calculate a similar joint quantity, there was actually close agreement between the studies with regards to this variable. Our highest posterior density estimate for the joint quantity was 3.9% (95% Bayesian credible interval: 3.1% to 5.2%). Additionally, there was close agreement between the studies with regards to the age-4 and age-5 metamorphosis probabilities. Haeseker et al. (2003) estimated that in any given year, 46% of age-4 larvae would metamorphose, which was slightly lower than our estimate of 48%. There was a larger discrepancy between the studies in metamorphosis probabilities for age-5 larvae, with Haeseker et al. (2003) estimating a 57% metamorphosis probability, while we estimated a 71% metamorphosis probability.
Our forecasting model results suggest that given our current understanding of sea lamprey population dynamics and control effectiveness in the SMR, control policies consisting exclusively of Bayluscide treatment would provide the most cost-effective control. Control policies that included trapping of spawning adults and releases of sterile males were effective at reducing effective reproducing females; however, these control tactics at levels that are practically achievable under current population levels generally resulted in a greater production of parasitic sea lampreys from the SMR, which is the exact opposite of the management goals. At the two lower levels of Bayluscide treatment (100 and 200 ha), our analysis suggested that practical levels of trapping and sterile male releases would result, on average, in increased recruitment, as a consequence of the domed shape of the Ricker stock-recruitment curve; these adult control tactics would reduce spawner abundances from levels above those associated with maximum recruitment (i.e., on the declining end of the stockrecruitment curve) to levels closer to those producing maximum recruitment. Only at the 400 ha Bayluscide treatment level were forecasted spawner abundances low enough that removals due to trapping and sterile male releases would result in diminished recruitment (i.e., the equivalent of recruitment overfishing). When adult control tactics were added to this Bayluscide treatment level, production of juvenile sea lampreys from the SMR was reduced. However, the reductions were relatively minor and might be difficult to justify given program costs and the potential for other complications, such as pathogen transfer stemming from sterile male releases (Fenichel et al. 2008 ). These results were not influenced by adult trapping efficiencies, which is recognized as one of the key areas of uncertainty with regards to SMR sea lamprey control.
Our finding that control policies that included trapping of spawning adults and release of sterile males were not expected to be effective at reducing production of parasitic sea lampreys from the SMR differs from that of Haeseker et al. (2007) . In their forecasts, control policies that included trapping and sterile male releases performed better than policies that consisted only of Bayluscide treatment (Haeseker et al. 2007 ). This discrepancy is partly due to the differences in SMR sea lamprey population demographics between our study and that of Haeseker et al. (2003) as previously detailed; however, another important difference between the studies was the range of policies that were evaluated. When Haeseker et al (2007) conducted the initial DA, sea lamprey control agents were optimistic that higher trapping rates and sterile male release ratios would be achievable at reasonable cost. The top performing control policies in the earlier DA used trapping rates of 70% and much higher sterile:fertile male ratios (7:1) than we used. Our lower values reflect experience with trapping in the SMR since the earlier DA was conducted. If trapping rates can be increased in the future, perhaps through use of chemical cues (Johnson et al. 2013) , trapping may become a more effective control option for SMR sea lampreys, although based on our estimates of SMR sea lamprey demographic rates, trapping rates would need to increase to an even greater rate than what was considered by Haeseker et al. (2007) for trapping in the absence of sterile male releases to be effective. Although not included in our results here, our model would forecast that a 70% trapping rate would still lead to greater production of juvenile sea lampreys versus just Bayluscide treatment alone. A 70% trapping rate in addition to 25 000 sterile male releases would be effective in reducing the number of juvenile sea lampreys produced from the SMR by between 53% and 74% depending on level of Bayluscide treatment.
When formulating control decisions for the SMR, it is important for decisions to be integrated with those concerning other Lake Huron sea lamprey producing tributaries to Lakes Huron and Michigan. Because sea lampreys do not home to natal streams, the long-term effectiveness of any SMR control strategy will depend on decisions made on these other streams. One piece of information that in particular would prove beneficial for overall management of sea lampreys in Lake Huron is the contributions of parasitic sea lampreys from other tributaries. We estimated that contributions from other Lake Huron tributaries ranged from 237 000 to 359 000. However, the data sources that we worked from were at best weakly informative of contributions from other Lake Huron tributaries, and projects that could either support or refute these estimates would be beneficial.
DA is widely recognized as a beneficial approach for evaluating potential management action because of, among other things, its emphasis on development of comprehensive lists of possible actions and incorporation of uncertainty in the evaluation of actions. The DA conducted by Haeseker et al. (2007) helped guide decisions about control of sea lampreys in the SMR, particularly by affirming the continued use of Bayluscide as at least a component of the overall strategy and emphasizing the value of collecting better data on larval abundance and production in the river. The GLFC acted on this advice, which permitted our follow-up analysis of how robust earlier DA results were to data limitations and assumptions about feasibility of some of the evaluations actions. Our updated analysis yielded new insights into control options for this important source of sea lampreys in the upper Great Lakes, particularly with respect to recruitment compensation and how it influences expected performance of control policies. Our work on the SMR since the late 1990s is a good example of the adaptive management process (Walters 1986 ) where a model was developed -with stakeholder input -to inform management choices, after which decisions were made and implemented, the consequences assessed, the model updated, and a new set of management recommendations derived, thus completing one full adaptive management cycle. Such an iterative process has rarely been conducted within a DA scope, but clearly is beneficial as additional data are collected and understanding about a population and system improve. As more is learned about effective strategies for removing adult sea lampreys from the spawning population in the SMR or the production of juveniles from other source populations, it will be timely to revisit the analysis again.
